Abstract We investigated the physiological responses of a lower termite, Coptotermes formosanus, fed on various lignocelluloses and purified lignins (milled-wood lignins, MWLs) from Japanese cedar (softwood), Japanese beech (hardwood), and rice (grass). Termite survival, body mass, and the changes of the symbiotic protists in the hindgut of workers were observed for 4 weeks. The survival, body mass and presence of both Pseudotrichonympha grassii and Holomastigotoides hartmanni in the hindgut of workers fed on rice lignocellulose at the 4th week of observation were significantly lower than those of the workers fed on Japanese cedar and Japanese beech lignocellulose samples, whereas there was no significant difference in Spirotrichonympha leidyi among all the diets. The three purified MWLs, regardless of their structural differences, did not show any significant differences for the termites' survival or body mass or the survival of all the three protists. The three MWL diets resulted in significantly lower termite survival compared to starvation, although these diets showed no significant effects on body mass or the protist profiles. Overall, lignins are hardly utilized as a nutrient source by C. formosanus workers and are even rather detrimental to termites when fed on solely.
Introduction
Termites represent one of the most abundant and efficient lignocellulose decomposers on earth. Since they are able to degrade lignocellulose, termites have an important place in the carbon cycle in nature [1] . Termites are divided into higher and lower termites based on the presence/absence of symbiotic protists in the termites' hindgut: higher termites lack symbiotic protists in the hindgut, whereas lower termites harbor symbiotic protists in the hindgut [1, 2] . A lower termite, Coptotermes formosanus is the most important pest of wooden constructions in the world. Three symbiotic protists, Pseudotrichonympha grassii, Holomastigotoides hartmanni, and Spirotrichonympha leidyi were detected in the hindgut of C. formosanus; the P. grassii used high-molecular weight (MW) cellulose, whereas H. hartmanni and S. leidyi used only low-MW cellulose [3, 4] . P. grassii, the largest in size, is spindleshaped, approx. 150-250 lm long and 50-100 lm wide. H. hartmanni, the mid-sized protist, is oval or elliptical shape, approx. 50-150 lm long and 30-100 lm wide, and S. leidyi is the smallest in size, cone-shaped, approx. 20-50 lm long and 10-30 lm wide [3] .
Lignocellulose, as the major nutrient source for termites, comprises mainly of cellulose, hemicelluloses and lignin, and it represents the most abundant biomass on earth. Lignin, a heterogeneous aromatic polymer, encrusts cell wall polysaccharides, i.e., cellulose and hemicelluloses, and provides them with high resistance to enzymatic degradation [5] [6] [7] . Plants have different types of lignins, depending primarily on the plants' taxa. Softwood lignins are composed mainly of guaiacyl (G) units, whereas hardwood lignins consist of G and syringyl (S) units; both softwood and hardwood lignins also contain a small amount of p-hydroxyphenyl (H) units. Like hardwood lignins, lignins from grasses incorporate mostly G and S units at comparable levels and often more H units than softwood and hardwood lignins [5, 8] . In addition, relatively recent studies have revealed that typical grass lignins are highly acylated by p-coumarate esters [9, 10] and that they also contain a substantial amount of tricin flavonoid units [11, 12] .
The decomposition of lignocellulose by a termite is a highly coordinated action by the host termite and its gut-resident microbial symbionts [13] [14] [15] . To achieve an efficient decomposition of the cell-wall polysaccharides, termites must circumvent the recalcitrant lignin barrier. Studies of lignocellulose decomposition by wood-feeding insects have received significant interest in the last decade [15] . Earlier studies reported that termites are generally unable to decompose lignin polymers during lignocellulose digestion [16] , but more recent studies detected structural modifications of lignin polymers in termite digestive systems [17] [18] [19] [20] [21] .
Although several investigations have described the physiological responses of termites fed on woods [22] [23] [24] , little information is available regarding the effects of lignins on the physiological activities of wood-feeding insects. Also, there is almost no information regarding the effects of different lignin polymer types from different lignocelluloses on wood-feeding termites. An earlier study by Kyou et al. [25] tested survival of C. formosanus workers fed on an isolated lignin from pine (softwood). In this study, we further closely investigate the influence of three major types of lignin polymers isolated from softwood (Japanese cedar), hardwood (Japanese beech), and grass (rice), on the physiological responses of C. formosanus workers as well as their symbiotic protists. The elucidation of physiological responses of wood-feeding insects after exposure to lignins will improve our understanding of the decomposition mechanism of lignocellulose in nature. Such knowledge could also contribute to the development of new technology to convert lignocellulosic biomass to valuable fuels and materials.
Materials and methods

Lignocellulose components analysis
Sapwood blocks of Japanese cedar (Cryptomeria japonica) and Japanese beech (Fagus crenata) as well as rice (Oryza sativa) straw were ground into a powder using a ring flaker machine (Wiley mill, Yoshida Seisakusho, Tokyo) and a blender (Vita-Mix Blender, Osaka Chemical, Osaka, Japan), and the particles that passed through a 40-mesh sieve and retained by a 60-mesh sieve were obtained using a high-speed vibrating sample mill (Iida sieve shaker, Iida Seisakusho, Japan).
The sample meals were soxhlet-extracted with a benzene-ethanol (2:1, v/v) solution for 24 h [26] . The holocellulose and lignin contents were measured by using the methods of Wise and a thioglycolic acid lignin assay [27] , respectively. The alpha-cellulose was isolated by extracting the holocellulose with a solution of 17.5% NaOH. The hemicellulose content was then determined by subtracting the cellulose content from the holocellulose content [28] . The chemical component analyses were performed in triplicate.
Preparation of milled-wood lignins (MWLs)
The isolation of MWLs was conducted as described by Balakshin et al. [29] . Briefly, the extractive-free sample meals were ball-milled using a planetary micro-mill (Pulverisette 7, Fritsch Industrialist, Idar-Oberstein, Germany) with ZrO 2 vessels containing ZrO 2 ball bearings at 600 rpm for 15 h (with a 5 min break for every 10 min of ball-milling) and then extracted by 96% dioxin, affording crude MWLs. The crude MWLs were dissolved in 90% AcOH (10 ml/g sample) and precipitated in water, filtered, washed with water, and then freeze-dried. The resultant powder was again dissolved in a dichloroethane-ethanol (2:1, v/v), precipitated in diethyl ether, filtered, washed with diethyl ether, and then dried in vacuo to obtain purified MWLs.
Neutral sugar analysis of MWLs
Neutral sugar contents in the MWLs were determined as described by Albersheim et al. [30] with a slight modification. Briefly, matrix polysaccharides in the MWLs were decomposed by weak acid hydrolysis with 2 M trifluoroacetic acid (100°C, 5 h). The resulting monomeric sugars were derivatized by the alditol acetate method [31] and quantified by gas chromatography/mass spectrometry (GC-MS; GCMS-QP Plus 2010, Shimadzu, Kyoto, Japan) using myo-inositol as an internal standard. The trifluoroacetic acid-insoluble pellets containing crystalline cellulose were purified by the Updegraff method [32] and further hydrolyzed with sulfuric acid [33] . The glucose concentrations in the obtained solutions were measured using Glucose C-II Test Wako reagent (Wako Pure Chemical, Osaka, Japan) according to manufacturer's instructions.
Nuclear magnetic resonance (NMR) analysis of MWLs
The purified MWLs (approx. 15 mg) were dissolved in 600 ll of dimethylsulfoxide (DMSO)-d 6 and subjected to a NMR analysis on an Avance III 800US system equipped with a cryogenically cooled 5-mm TCI gradient probe (800 MHz, Bruker Biospin, Billerica, MA, USA). The central DMSO solvent peaks (d C /d H : 39.5/2.49 ppm) were used as an internal reference. Adiabatic heteronuclear single-quantum coherence (HSQC) NMR experiments were carried out using standard implementation (''hsqcgcep.3'') with parameters described in the literature [34] . Data processing and analysis used Bruker TopSpin 3.2 software (Bruker Biospin). HSQC plots were obtained with typical matched Gaussian apodization in F2 and squared cosine-bell apodization in F1. For the integration of the lignin aromatic signals (Fig. 1a) , C 2 -H 2 correlations from G units (G) and C 2 -H 2 /C 6 -H 6 correlations from S units (S), H units (H), and p-coumarate units (pCA), and C 2 0 -H 2 0/ C 6 0 -H 6 0 correlations from tricin units (T), were used, and the S, H, pCA, and T integrals were logically halved [35] . For the integrations of the lignin inter-monomeric linkages (Fig. 1b) , well-resolved C a -H a contours from I, I
0 , II, II 0 , III, III 0 , IV and V units were integrated and the III and III 0 integrals were logically halved [34, 35] .
Termite survival and body mass
Sapwood blocks of Japanese cedar and Japanese beech [10 (R) 9 10 (T) 9 10 (L) mm] or 25-mm-long rice straws were put into an acrylic cylinder with a plaster bottom. Approximately 100 mg of purified MWL was placed in a plastic cup (20 mm dia., 10 mm deep), and this container was set on the center of an acrylic cylinder with a plaster bottom (65 mm dia., 60 mm high). Fifty workers and five soldiers of C. formosanus were obtained from a laboratory colony at the Deterioration Organisms Laboratory (DOL), Research Institute for Sustainable Humanosphere (RISH), Kyoto University, were fed on the various diets. The number of live workers was recorded and balanced weekly for 4 weeks. The termite survival and body mass observations were performed in triplicate.
Changes of protist fauna in the hindguts of the C. formosanus workers
In this manner, 130 workers and 13 soldiers of C. formosanus were fed on the lignocellulose and MWL diets as described above. Every week, 10 workers were randomly selected from each container, and their hindguts were pulled out from the posterior ends and disintegrated into pieces by using fine forceps. The contents were then suspended in 0.4% NaCl. The hindgut pieces were macerated gently in the solution to facilitate the release of protozoa. The species of protozoa were identified using a digital microscope (VHX-5000, Keyence, Osaka, Japan) [4] . These observations were performed in triplicate.
Statistical analysis
Differences in the termites' survival and body mass and the presence of protists in the hindgut of the workers fed on various lignocelluloses and MWLs were analyzed using SPSS ver. 23 software (IBM, Armonk, NY). Significant differences between means were identified by Tukey's post hoc test. Significance levels were set at P \ 0.05.
Results and discussion
Characterization of lignocellulose and MWL dietary samples
At the onset of this study, we first characterized the lignocellulose and lignin samples used as diets for termites. The composition of the three major lignocellulose components, i.e., cellulose, hemicelluloses, and lignin in Japanese cedar (softwood), Japanese beech (hardwood), and rice (grass) samples is summarized in Table 1 . Polysaccharides, i.e., cellulose and hemicelluloses, accounted for 67-77% of the three lignocellulose samples. The lignin content in the rice (approx. 15%) was somewhat lower than those in the two wood samples (20-24%), which is in line with previous reports [36, 37] . It is conceivable that our rice lignocellulose sample also contained amounts of minerals such as silica [38, 39] . Purified lignin samples were isolated as MWLs by typical procedures [29] , and their purity and structure were checked by sugar analysis and 2D-NMR. The sugar analysis data indicated that the purities of all three MWLs were reasonably high ([85%) ( Table 2 ). All of the MWLs contained approx. 10% residual cellulosic glucans. The rice MWL additionally contained approx. 5% hemicellulosic sugars, mainly composed of xylose, whereas the MWLs from Japanese cedar and Japanese beech had almost negligible amounts of hemicellulosic sugars; the difference might be due to that lignin and hemicelluloses are cross-linked more highly in grass lignocellulose than in softwood and hardwood lignocelluloses [9] . Our HSQC NMR data firmly established that the three MWLs, respectively display the characteristics of the three major lignin types in nature. As revealed by the aromatic signals in the HSQC spectra (Fig. 1a) , the MWL from Japanese cedar is a typical softwood lignin composed of only G units, whereas the MWLs from the hardwood Japanese beech and grass rice are mixtures of G and S units. The volume integration of the contour signals allowed reasonable quantifications of the S/G unit ratios 1.38 and 0.66 in the Japanese beech and rice MWLs, respectively. As a typical lignin in grasses, the spectrum of rice MWL displayed more intense signals from H units (H) than those in the spectra of the Japanese cedar and Japanese beech MWLs, and the rice MWL also displayed clear signals from p-coumarate (pCA) and tricin (T) units [35] , which were totally absent in the Japanese cedar and Japanese beech MWL spectra. The aliphatic regions of the HSQC spectra (Fig. 1b) 
Termite survival and body mass
The periodic changes in termite survival are summarized in Fig. 2 . The survival of termites fed on lignocelluloses from Japanese cedar, Japanese beech, and rice showed no significant differences at the 1st-week observation (F = 7, P = 0.27) at 100, 99, and 98%, respectively, or at 2 weeks (F = 3, P = 0.131) at 99, 95, and 91%, respectively. Interestingly, at 3 weeks, the survival of the termites fed on rice was significantly lower than that of the termites fed on Japanese cedar and Japanese beech (F = 76, P \ 0.05), and there was no significant difference in survival between the Japanese cedar and Japanese beech groups (F = 1, P = 0.374) at 92, 91, and 76%, respectively. The results at the end of the experiment (4 weeks) were similar to those at 3 weeks, in that the survival rate of the termites fed on rice was significantly lower than those of the termites fed on Japanese cedar and Japanese beech (F = 116, P \ 0.05), with no significant difference between the Japanese cedar and Japanese beech groups (F = 2, P = 0.230) at 87, 85, and 70%, for Japanese cedar, Japanese beech, and rice, respectively. These results clearly suggest that wood was more nutritious than rice.
Termites use the carbon source from woods as a nutrient to maintain their survival [4, 42, 43] . Termite workers break down wood with their mandibles and foregut gizzard. Thus, endogenous cellulases and a variety of cellulolytic enzymes secreted by the symbiotic microorganisms community in the gut coordinately digest carbohydrates and efficiently convert them into acetates and other nutrients as the main energy and carbon source for the host [13, 15] . As mentioned above, termites are divided into higher and lower termites based on symbiotic protists in the hindgut. The lower termites possess symbiotic protists; higher termites lack symbiotic protists [2, 3] . The lower termites are well known as wood-feeding insects [43, 44] . In nature, grasses can also be decomposed by the higher termites (grass-feeding termites) [45, 46] . As shown in Fig. 2 , the average of the workers' survival rate in the three lignocellulose groups (Japanese cedar, Japanese beech, and rice) compared to starvation were significantly different at the 1st-week (F = 28.3, P \ 0.05) and 2nd-week (F = 17.5, P = 0.001) observations at 92% for the lignocellulose groups and 80% for starvation. Surprisingly, at the 3rd-week, the survival rate was not significantly different between rice and starvation, whereas the survival of the starvation group was significantly lower than those of the termites fed on Japanese cedar and Japanese beech (F = 29, P \ 0.05) at 69% for starvation. Finally, at the 4th-week, we observed that the survival rate of the starvation group was significantly lower than those of the groups fed on Japanese cedar, Japanese beech, and rice (F = 47, P \ 0.05) at 51% for starvation. These results suggest that the lower termite C. formosanus can still utilize some of carbohydrate components in rice. Figure 2 also shows the survival rates of workers fed on the three MWLs from Japanese cedar, Japanese beech, and rice. Our statistical analysis revealed that at 1, 2, 3, and 4 weeks, there were no significant differences in survival among the three MWLs from Japanese cedar, Japanese beech, and rice. Subsequently, compared to starvation, the survival rates for the three MWL groups were also not significantly different at 1 week (F = 1.6, P = 0.271), 2 weeks (F = 1.6, P = 0.269), and 3 weeks (F = 3.3, P = 0.078). However, at the end of the observation at 4 weeks, the statistical analysis showed that the survival rates of the three MWL groups were significantly lower than that of the starvation group (F = 14, P = 0.002). These results revealed that the three MWLs from Japanese cedar, Japanese beech, and rice were not nutritious for C. formosanus, and rather were somewhat detrimental when the termites were fed on each MWL solely. It has been recognized that the lower termites digest carbohydrates as the main nutrient source with the aid of a symbiotic protistan community in their gut [13, 14] . Based on the metatranscriptomes of the symbiotic protistan community in the hindgut of C. formosanus, no potential lignin degradation enzymes have yet been found [47] . However, the workers of C. formosanus often digest nest materialsespecially in the winter season, which provides digestive residues (rich in lignin) and soil [3] . Figure 3 shows the periodic changes in the body mass of the workers fed on the lignocelluloses and MWLs. There was no significant difference in the body mass of the workers among the three lignocellulose groups at 1 week (F = 0.8, P = 0.500), 2 weeks (F = 3.5, P = 0.100), and 3 weeks (F = 2.4, P = 0.169). Interestingly, the components in rice apparently affect the body mass of termites, as at 4 weeks the body mass values of the termites were significantly lower than those of the termites fed on Japanese cedar and Japanese beech sapwoods (F = 46.3, P \ 0.05), while no significant difference was observed between the Japanese cedar and Japanese beech groups (F = 0.1, P = 0.831), at 86.9, 86.5, and 76.3% of the relative body mass for Japanese cedar, Japanese beech, and rice, respectively. Compared to the starvation group, the body mass values of the termites in the three lignocellulose groups were not significantly different at 1, 2, and 3 weeks. At 4 weeks, the body mass values of the termites fed on rice were significantly lower than those of the starvationgroup termites (F = 214, P \ 0.05), whereas no significant difference was observed between both sapwood groups (Japanese cedar and Japanese beech) and the starvation group (F = 1.4, P = 0.321). These results suggest that C. formosanus use part of the carbohydrates in rice as nutrients as discussed above, but this nutrient supply was insufficient for termites, resulting in the decreased body mass.
The body mass values of the termites fed on the three MWLs from Japanese cedar, Japanese beech, and rice ( Fig. 3) were not significantly different at 1, 2, 3 or 4 weeks. In addition, all three MWL groups and the starvation group did not show any significant differences at 1, 2, 3 or 4 weeks. These results further support the possibility that termites hardly use lignins as a nutrient source. Given that the termite survival rates were significantly lower in the MWL groups compared to starvation (Fig. 2) , cannibalism [48] may help termites maintain their body mass when being fed on non-nutritious food and even possibly toxic lignin polymers. As described above, even with no significant differences between the workers tested with the three different MWL diets, both the survival rate and body mass of the workers fed with rice grass lignocellulose were significantly lower than those with Japanese cedar and Japanese beech wood lignocelluloses. This suggests that some components other than lignin in grass lignocellulose are negatively affecting the physiology of C. formosanus workers. Although further investigations are needed, we suspect that minerals such as silica relatively rich in grass lignocellulose [38, 39] could be responsible for this phenomenon.
Intestinal protist profiles
Lastly, we investigated the changes in the protist profiles in the hindguts of the worker termites fed on the lignocelluloses and MWLs (Table 3) . We found that all the three protists (i.e., P. grassii, H. hartmanni, and S. leidyi) [4] remained in the hindguts of all of the workers fed on the three lignocelluloses at the 1st-week observation. However, feeding on rice resulted in a loss of P. grassii in 17% of the workers and 47% of the workers at the 2nd-and 3rd-week observations, respectively, whereas H. hartmanni and S. leidyi remained in all of the workers at these time points.
At the end of the observation (4 weeks), the rice feeding had resulted in a loss of P. grassii in 73% of the workers, H. hartmanni in 17% of the workers, and S. leidyi in 7% of the workers (Table 3) . In contrast, all three protists remained in all of the workers fed on Japanese cedar and Japanese beech even at 4 weeks. There were significant differences between both sapwoods and rice for P. grassii (F = 484, P \ 0.05), and H. hartmanni (F = 25, P = 0.001), but not for S. leidyi (F = 1, P = 0.422). These results are in line with our previous observation of termite survival (Fig. 2 ) and body mass (Fig. 3) , and with the fact that lower termites including C. formosanus prefer woods compared to grasses as diets; as discussed above, it is plausible that minerals rich in grass lignocellulose could be negatively affecting the survival of the two major protists. Nevertheless, our results demonstrated that the presence of all three of these protists in workers fed on rice was significantly higher than those in the starved workers ( Table 3 ), suggesting that the protists still can utilize carbohydrates in rice as a nutrient source.
On the other hand, after termites were fed on the three MWLs from Japanese cedar, Japanese beech, and rice for 1 week, P. grassii disappeared from all of the workers, whereas H. hartmanni and S. leidyi remained in all workers. There was no significant difference among the three MWLs for all protists at 2 and 3 weeks. At the end of the 4th-week observation, 67-77% of the workers had lost H. hartmanni and 40-50% of the workers had lost S. leidyi (Table 3) . No significant difference regarding the survival Table 3 Presence of P. grassii, H. hartmanni, and S. leidyi in the hindgut of C. formosanus workers fed on various lignocellulose and lignin diets Lignocelluloses Japanese cedar 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a Japanese beech 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a 100 ± 0a Rice 100 ± 0a 83.3 ± 11.5b 53.3 ± 5.8b 26.7 ± 5.8b 100 ± 0a 100 ± 0a 100 ± 0a 83.3 ± 5.8b 100 ± 0a 100 ± 0a 100 ± 0a 93.3 ± 11.6a
MWLs
Japanese cedar 0b 0c 0c 0c 100 ± 0a 66.7 ± 20.8b 53.3 ± 10b 23.3 ± 5.8c 100 ± 0a 100 ± 0a 96.7 ± 5.8ab 53 ± 5.8b
Japanese beech 0b 0c 0c 0c 100 ± 0a 63.3 ± 11.6b 50 ± 10b 23.3 ± 10c 100 ± 0a 100 ± 0a 93.3 ± 11.6ab 50 ± 0b Rice 0b 0c 0c 0c 100 ± 0a 76.7 ± 5.8b 70 ± 15.3b 33.3 ± 5.8c 100 ± 0a 100 ± 0a 96.7 ± 5.8ab 60 ± 10b Starvation 0b 0c 0c 0c 100 ± 0a 100 ± 0a 66.7 ± 11.6b 26.7 ± 10c 100 ± 0a 100 ± 0a 80 ± 0b 53. 3 ± 5.8b Values are mean ± SD (n = 3). Data in each column followed by same letter do not differ statistically (Tukey HSD test; P \ 0.05) following one-way ANOVA MWL milled-wood lignin, SD standard deviation, HSD honest significant difference, ANOVA analysis of variance of protists fed on the three MWLs was observed at the end of the observation for P. grassii (lost in all workers), H. hartmanni (F = 3, P = 0.125), and S. leidyi (F = 1.8, P = 0.252). In addition, there was no significant difference between the three MWLs and starvation for all of the protists at the end of the observation: P. grassii (lost in all workers), H. hartmanni (F = 2, P = 0.193), and S. leidyi (F = 1.3, P = 0.349). Collectively, our data suggest that all the three types of lignin polymers, regardless of their structural differences, had no effect on the survival of protists in the hindgut of workers of C. formosanus.
Conclusions
Overall, our data suggest that different types of lignins from softwood, hardwood, and grass did not significantly affect the physiological responses of C. formosanus and its symbiotic protists. The results of this study established that lignins are hardly utilized as a nutrient source by C. formosanus workers and even are rather somewhat detrimental to termites when fed on solely. We also observed that some components other than lignins (possibly minerals in grass lignocellulose) negatively affect the physiological responses of C. formosanus and its major symbiotic protists. These new findings contribute to the basic knowledge on the mechanism of lignocellulose decomposition by wood-feeding insects. We plan to investigate the nutritional effects of combinations of carbohydrates and lignins on the physiological activities of C. formosanus and its protists to identify the exact role of lignin in termites.
